ABSTRACT: Growing degree days (GDD) were calculated for 40 meteorological stations distributed across Greece, on the basis of daily maximum and minimum air temperature (T MAX and T MIN , respectively) for the 10 year period from 1978 to 1987. Duration of growing periods (classified in 10 d intervals) differed among stations. The longest period was from April 1 to November 30, and the shortest from May 1 to September 30. Growing season varies across Greece from about 1600 GDD in the northern mountainous areas to > 2900 GDD in the lowlands and the southernmost regions. Most spring-sown crops need no more than 1500 GDD to mature; consequently, there are no temperature limitations in Greece for crops such as corn, cotton and tobacco. Despite the sparse climatic network it was possible to create high resolution maps with statistically significant results (r = 0.83 to 0.89; p = 0.95), providing reliable information for agricultural planning.
INTRODUCTION
The most widely cultivated crops grow best at specific optimum temperatures; e.g. corn, tomatoes and sweet peppers are best cultivated at 21 to 23°C (Gilmore & Rogers 1958 , Wolf et al. 1986 , Bakker & Uffelen 1988 . Because of the differences in the growing season, especially for corn, farmers in Greece need to accurately assess the maturity of their crops to ensure maximum yield quality with low moisture at harvest time. Since corn and many other plants are hybrids, the estimation of maturity is not possible by the traditional 'days to maturity' method, which is based on the time it takes for a plant to grow from seed to harvest. Instead, estimation is conducted on the basis of growing degree days (GDD) as a specific number of GDD -required by the plant to reach maturity, regardless of the number of days taken to accumulate them. Different methods exist for the calculation of GDD, depending on the crop of interest or the personal preferences of the researcher (Gilmore & Rogers 1958 , Perry et al. 1986 , McMaster & Wilhelm 1997 ).
Our approach differs from the real time estimation of GDD for a field. We describe the climatologic importance of GDD to determine locations and time periods most appropriate for cultivation of corn and other summer crops in Greece. Maps presenting the distribution of GDD in the country during a 10 year period were constructed. This timeframe is accepted as an appropriate period for analysis of daily temperature data (Court 1974) .
To calculate the accumulated GDD, the daily growing degree units are usually summed for the number of the days of growth beginning at planting (Darby & Lauer 2002) . For this climatological study, however, the estimation of GDD was carried out for a specified period from the beginning of April to the end of November. Following this estimation we applied a gradual 10 day decrease of the start and end dates, resulting in different growing periods, with the minimum period from May 1 to September 30.
According to these estimations, GDD for the mean growing season in Greece range from about 1600 in the northern and mountainous areas of the country to > 2900 in the lowlands. These limits exceed the crop maturity requirements of most crops: maize 1360-1630, dry beans 1100-1300, sugar beet 1400-1500, barley 1290-1540 (http://en.wikipedia.org/wiki/growing_degree_day).
Detailed GDD information for hybrids can be obtained from seed companies and salesmen. The company ratings should be made using the 30/10 system or other equivalent systems. Commonly, this system with daily higher (30°C) and lower (10°) temperature limits is used in published weather data (Darby & Lauer 2002) .
The GDD method is used with real data from the field, where thermometers measuring daily maximum and minimum temperature (T MAX and T MIN , respectively) are installed in a small shelter. This technique has a wide application in many states of the USA. We intend to use this method in collaboration with interested farmers in Greece. This type of research is still in its infancy and lack of real GDD values prohibits the comparison with plant production.
DATA AND STUDY AREA
Calculation of daily heat accumulation depends on the availability of datasets on daily T MAX and T MIN . In Greece temperature data are collected by the Hellenic National Meteorological Service (HNMS), the Ministry of Agriculture, and the Ministry for the Environment, Physical Planning and Public Works. Access to these data, however, is very limited. The latter 2 authorities do not publish their data and the HNMS discontinued their publication in 1989. Recent data records of HNMS are in electronic form and available for a high fee, which increases with the volume of data. Therefore, we have analyzed the issue using earlier data published by HNMS (1978 HNMS ( -1987 for 40 first class meteorological stations (Table 1, Fig. 1 ). The majority of these stations have complete data series for the period analyzed (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) .
The following stations had gaps in their data series (missing years in parenthesis): Chalkis (1978 Chalkis ( , 1979 , Chania (1983) , Korinthos (1984) , Orestias (1982 Orestias ( -1984 Orestias ( , 1986 , Volos (1983 Volos ( -1985 Volos ( , 1987 . The stations used provide an almost complete data coverage of the country.
METHODS

Calculation of growing degree days
The canonical form for calculating GDD is:
Where T MAX is the daily maximum air temperature in°C (in our study), T MIN is the daily minimum temperature in °C, and T BASE is the temperature below which growth ceases.
T BASE varies among species and cultivars (Wang 1960) . The quantity (T MAX + T MIN )͞2 is the mean daily temperature (T AVG ), but it is not permissible to replace this quantity with the daily mean temperature, as e.g. (12 + 18)͞2 = 15, but also (8 + 22)͞2 = 15. These 2 quantities give the same result, but as we will explain later, they do not have the same biological influence on the plant growing cycle.
Modifications to enhance the biological meaning of Eq. (1) have been suggested by Cross & Zuber (1972) , McMaster & Smika (1988) , Masle et al. (1989) and Wilhelm & McMaster (1995) , who incorporated an upper temperature threshold, added a photoperiodic variable, used maximum or minimum temperature of the day, T MAX or T MIN , or incorporated functions of other environmental factors that affect phenology. Cross & Zuber (1972) and Perry et al. (1986) found that Eq. (1) was used in different ways in the literature and that users of the results were unaware of the significant 234 errors that may be introduced by these differences. This problem will create confusion among farmers using differently calculated GDD. To avoid this, we first describe the 2 most common implementations of calculating GDD from Eq. (1). These differ with regard to the way in which T BASE is related to the quantity (T MAX + T MIN )͞2.
In the first approach (T MAX + T MIN )͞2 < T BASE , the first term of this inequality takes the form of the equality: (T MAX + T MIN )͞2 = T BASE . This method is mostly used by researchers and practitioners involved in small grain production, and also for the calculation of GDD in simulation models.
In the second approach, the separate values of T MAX and T MIN are compared independently with T BASE . If T MAX < T BASE then we adopt the value T MAX = T BASE and if T MIN < T BASE then we adopt T MIN = T BASE . This is the most commonly used method in calculating GDD for corn and other crops (e.g. Baker et al. 1986 , Wilhelm et al. 1987 , 1989 , Masoni et al. 1990 ). The ability to calculate daily GDD accumulation depends on the availability of daily temperature records of T MAX and T MIN , recorded at a height of 1.5 m above the ground in meteorological shelters. GDD can be calculated for the winter wheat growing season (September -July) and for corn (April through October). T BASE for winter wheat is 0°C (McMaster et al. 1994) , for corn and other warm season plants it is 10°C (Cross & Zuber 1972).
As our aim was to estimate GDD in Greece during the warm period, we used 10°C as T BASE .
Because in corn and other plants air temperatures greater than a defined upper limit do not improve physiological function, GDDs were calculated on the basis of an upper temperature threshold (T UT ). We set this threshold at 30°C for corn (Cross & Zuber 1972) and 25°C for wheat (Austin 1990 , Curtis et al. 2002 .
In conclusion, to estimate the GDD in this study, if T MAX < T BASE or T MIN < T BASE their values were replaced by the value of T BASE .
The original data files for the 40 stations were transformed as described above by a FORTRAN program (source code in Appendix 1). The resulting data sets containing temperature values from 10 to 30°C were used for GDD calculation with a second program in FORTRAN (Appendix 2). 
Model
T MIN and T MAX for each of the 40 stations were tabulated in separate tables for each calendar year. From these tables we chose the data covering the period April 1 to November 30 (244 consecutive days). These 40 tables contained 244 rows and 10 columns comprising the input dataset for the model.
After the model was run, we constructed separate tables of GDD for each of the 40 stations. The daily mean for each station was estimated for each calendar day of the 10 yr period.
There were no significant fluctuations from year to year, as the SD of daily values was very small compared with the 10 yr mean daily value. This small SD of the GDD is due to the cut-off of extreme values <10°C and > 30°C. Thus the daily temperature range was 20°C, resulting in small SD values. The coefficient of variation (CV) was small as well (< 5°C for GDD values up to 2500°C)
Interpolation
The Greek Meteorological network is sparse and the data have a local focus, due to the mountainous landscape. Thus, statistical estimation of the GDD alone does not provide farmers with reliable information. To address this problem and provide a more powerful tool for planners, we introduced a second modelling step to interpolate the 'point information' on each station into 'area information', so that every spot in the country will be characterized by a unique value of GDD. The statistical product it is not a simple interpolation, as a number of parameters were taken into account. Similar methods have been applied for data on radiation or heating degree days (Matzarakis & Balafoutis 2004 , Matzarakis & Katsoulis 2006 . The parameters used were longitude, latitude, elevation, and slope aspect; distance from the coastline and the percentage of land and sea in the area were also taken into account. The country was divided into 1' grids.
To construct maps of the GDD distribution we selected data from the following growing periods: (1) April 1 to November 30, (2) May 1 to November 30, (3) April 1 to October 31, (4) May 1 to October 31, (5) April 1 to September 30, (6) May 1 to September 30 (Table 2) .
Using these data as input files in a statistical procedure, which includes the GDD of the stations as dependent variable and latitude, longitude, elevation, distance to the sea and ratio of land and sea area of the surrounded grids as independent variables, we constructed maps for the above-mentioned time periods. The correlation coefficient r ranges from 0.83 to 0.89 and the standard error varies between 112 and 134 GDD. The calculated values in the maps do not differ from those obtained from the climate network. The maximum differences between measured and calculated values are <10% (4% for Larissa, 7% for Orestias, 1% for Florina, and 2% for Ierapetra).
RESULTS AND DISCUSSION
Interannual variability was small; e.g. in Kalamata, the southernmost station of the mainland, estimated values of GDD for the 10 yr period ranged from 2265 in 1978 to 2480 in 1986. There is a trend of increasing GDD at Florina during the study period (Fig. 2) . GDD tended to increase during the study period, confirming the global warming trend.
The mean accumulated daily values were tabulated for the 40 stations over the period from April 1 to November 30 (data not shown). From this table we estimated the GDD for periods ending on August 31, September 30, October 31, and intermediate dates.
GDD values for April to November ranged between 1656 in Florina to 2934 GDD in Rhodes.
It is possible to estimate GDD for any time period. If, for example, the starting date is April 25, we subtract the accumulated value corresponding to the previous day (April 24) in the corresponding column of values (e.g. Table 3 for Larissa, chosen because it is located at the geographic midpoint of Greece). For example, during the period from May 10 to September 30 the accumulated GDD are 1637°C, and from April 20 to August 31 the accumulated GDD are 1506°C. Fig. 3 shows the geographic distribution of GDD for April 1 to November 30. In mountainous regions up to 1800 m the accumulated GDD are <1600. In the southernmost coastal regions of the mainland and on the shores of Crete and many islands of the south Aegean Sea the GDD are > 2800. The magnitude of GDD in- Year GDD (°C) 1980 1981 1982 1983 1984 1985 1986 1987 (Fig. 4) , the distribution of GDDs is geographically the same, but GDD is 200 units lower; the reduction is more pronounced in the mountains. For April 1 to September 30, areas > 700 m have <1200 GDD (Fig. 5) . The lowland area of the country shows predominance of 1800-2000 GDD. In elevations ≤ 650 m, 1400-1600 GDD are common. Peloponnesus, Crete and south Aegean islands have higher values.
For a more complete description of the distribution of the accumulated GDD, 3 more periods starting on May 1st were considered with the ending day remaining the same as in the previous analyses (Table 3 , last 3 columns). Using these data we constructed 3 maps (Figs. 6, 7 & 8) showing the geographical distribution of the GDD over Greece for these shorter and warmer periods.
During the period May 1 to November 30 (Fig. 6 ) GDD values range from 2600 on Crete and Rhodes to <1200 in mountainous areas. The geographical distribution of the GDD of a shorter period (May 1 to October 31; Fig. 7) shows a lower upper limit of GDD in comparison with Fig. 6 . Data for a period of 5 mo (May 1 to September 30) are given in Fig. 8 .
There are no comparable data in the literature on climate regions that have similar characteristics or are located at the same latitude.
CONCLUSIONS
The method used to calculate GDD and the mapping method applied showed that it is possible to use high-or low-density climate networks together with geo-statistical techniques, to produce reliable spatial data (maps) and valuable information for agriculture management.
The shortest period studied, May 1 to September 30, can be characterized climatologically as a time period that permits achievement of crop maturity in corn, cotton, tobacco, sugar beets and other plants without temperature limitations, as the entire lowland area has GDD >1600. Land up to an altitude of 650 m has GDD >1200. If the cultivating period is extended by 1 mo at the beginning and 1 mo at the end (Fig. 4) , the distribution of accumulated GDD shows that all cultivated areas of the country tend to have very high values (1600 to 2400), which covers the demands of all the plants cultivated in the country.
According to these results, Greece is characterized by favorable thermal conditions for the cultivation of high productivity crops. 
